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, The seesaw theory, the leading theory for particle interactions, provides a viable 

f^*^ ■ mechanism for generating the matter-antimatter asymmetry of the universe. Test- 

ing the leptogenesis mechanism directly requires measurement of the d = 6 operator 
of the low-energy effective Lagrangian, in addition to the more familiar d = 5 oper- 
ator which generates Majorana masses for the light neutrinos when the electroweak 
symmetry is spontaneously broken. This important experimental challenge awaits 
the next generation of particle physicists. 



We are at a very interesting crossroads in particle physics. Experiment 
r> ' has now established that neutrinos have mass, and that the neutrino mass 

' eigenstates, ui, vi and 1/3 with masses m\ < TO2 < m^, are not the same as 

the neutrino flavor eigenstates Ve, i^^i and Vt which appear in weak doublets 
with the left-handed charged leptons e" , fi~ and t~ . We know quite a 
bit about the parameters of neutrino mixing from atmospheric and solar 
neutrino oscillations. What I wish to focus on here is what we do not know 
about the parameters of the lepton sector. 

Our leading candidate theory at high energies is the seesaw model, ^ 
originally proposed 24 years ago. The seesaw model is the minimal ex- 
tension of the Standard Model (SM) which adds right-handed neutrinos 
to its particle content. Including all renormalizable interactions which are 
allowed by SU (3) x SU{2)l x U{1)y gauge symmetry yields the seesaw La- 
grangian. Since right-handed neutrinos are gauge singlets, Majorana mass 
terms for these neutrinos are allowed, and unlike other fermions, they have 
a mass M which is much larger than the weak scale and which is indepen- 
dent of electroweak symmetry breaking (EWSB). The only interactions of 
the right-handed neutrinos are Yukawa interactions with the Higgs scalar 



1 



February 1, 2008 23:23 Proceedings Trim Size: 9in x 6in 



coralgablesprocs 



2 

doublet and the lepton doublets. Thus, the leptonic Lagrangian of the 
high-energy seesaw theory is given by 

-Cseesaw = iH + IB^ pBR + i N^^Nr 

-7^ cPY, BR -h^Y^NR-^N^MNR + h.c. (1) 

where £La are lepton electroweak doublets, eRa are charged lepton singlets, 
is the Higgs doublet and A''^ are heavy neutrino singlets. For further 
explanation of notation, sec Rcf. 2. 

Let me briefly remind you of the attractive features of the seesaw model. 
First and foremost, the lightness of weakly- interacting neutrinos and the 
heaviness of sterile neutrinos is explained by the seesaw mechanism. The 
weakly-interacting neutrinos acquire small Majorana masses after the elec- 
troweak symmetry breaks. These Majorana masses are SU{2)l triplet and 
require two insertions of the Higgs vacuum expectation value v/y/2. Thus, 
the light neutrino Majorana masses are order {v^/2M) and are suppressed 
by a factor of {v/\/2M) relative to the Dirac masses, proportional to vjspl, 
of the other SM fermions. Hence, the large hierarchy between the light 
neutrino masses and the rest of the SM fermions can be understood. 

A second attractive feature of the seesaw model is that Icptogencsis 
occurs at high energy."^ The heavy right-handed neutrinos are unstable to 
decay to lepton and scalar (Higgs) doublets. Interference between tree and 
loop decay diagrams of the right-handed neutrinos leads to CP violation 
in the decay processes. Thus, a small lepton asymmetry is generated at 
high energies in heavy neutrino decay. This leptogenesis is characterized 
by the CP- violating asymmetry of the lightest right-handed neutrino N\ 
with mass M\ , and can be written in terms of the neutrino Yukawa matrix 
combination Y^Y^ and the mass ratios of the heavy Majorana neutrinos 
M^/Mi and Mz/M2. 

Other attractive aspects of the seesaw model are that it is a renor- 
malizablc high-energy theory, which implies that it has a finite number of 
high-energy parameters; it is natural in the sense of 't Hooft,'* i.e. all renor- 
malizable interactions allowed by the SM gauge symmetry are included in 
the Lagrangian; experiment indicates a seesaw scale M consistent with 
gauge coupling unification; and it is easy to embed the seesaw model in a 
grand unified or partially unified theory. With such an embedding, asym- 
metries of the neutrino field content and of the gauge symmetry of the SM 
are low-energy artifacts of spontaneous symmetry breakdown of a more 
symmetric theory. 
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Although the seesaw model is not the only possible theory of neutrino 
mass, it is by far the theoretically favored one. A logical alternative to the 
seesaw model is to add right-handed neutrinos, but to suppose that neutri- 
nos obtain only Dirac masses from Yukawa couplings upon EWSB, just like 
all the other SM fermions. This supposition requires that Icpton number 
L is a globally conserved quantum number so that Majorana mass terms 
are forbidden. Such an assumption is unnatural in the technical sense. In 
this case, in contrast to the seesaw theory, there is no understanding of 
why light neutrino masses are so much smaller that the masses of all the 
other SM fermions. Furthermore, there is no leptogenesis at high energy if 
L is exact, so the matter-antimatter asymmetry of the universe is not ad- 
dressed. These arc strong theoretical reasons for favoring the seesaw model. 
To summarize: theorists believe that neutrinos are Majorana particles. 

In the seesaw model, the lepton asymmetry generated at high energies is 
thought to be reprocessed by non-perturbative processes at the electroweak 
scale, resulting in a baryon-antibaryon asymmetry. As is well-known, it 
is possible to generate a sufficient lepton asymmetry at high energy for 
the leptogenesis — > baryogenesis scenario to provide the solution of the 
matter-antimatter asymmetry of the universe."'' It is worth pointing out 
that the magnitude (and sign!) of the baryon-antibaryon asymmetry of the 
universe is known quite precisely from the WMAP data, so the leptogenesis 
constraint is significant. 

This state of affairs is quite interesting. We have a viable and com- 
pelling theory of leptogenesis. It needs to be tested. Can we establish 
experimentally that leptogenesis is the solution of the matter- antimatter 
asymmetry puzzle? The characteristic energy scale of the seesaw theory is 
such that we may never build an accelerator which can directly probe its 
physics. Can we establish the seesaw theory by performing measurements 
at accessible energies? 

At "low" energies, the heavy right-handed neutrinos are not in evidence, 
so we can measure only the parameters of the low-energy effective theory 
in which the heavy Majorana neutrinos are integrated out of the theory. 
The effective Lagrangian has the form 

-CeflF = CsM + SCd=5 + Sj^d=6 H , (2) 

where higher dimensional Lagrangian terms with d > 4 are suppressed by 
the power 1/M'^~'^ of the seesaw scale. The d = 5 and d = 6 operators of 
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the low-energy effective seesaw theory are^ 

(5£d=5 = \ dig' ) (<^t lLt?j + h.c., (3) 

^£d=6 = cif ip(4>'^Lf}) , (4) 

where the coefBcients c'^^^ and c'^^^ are related to the high-energy param- 
eters of the seesaw theory Y^, and M by 

c<^=5 = Y* (M*)-i , (5) 

c'^=6 = y,(|M|2)-iyJ. (6) 

Measurement of both the d = 5 and d = 6 operator coefficients suffices 
for construction of the high-energy seesaw Lagrangian from the low-energy 
data, when the number of right-handed neutrinos is equal to the number 
of light fermion generations,^ which is the most attractive situation the- 
oretically. (The formulae making the connection between the low-energy 
and high-energy parameters are involved^ and are suppressed here. The 
important point is that this connection is possible.) 

For three generations of fermions, there are 15 real parameters and 6 
phases in the high-energy seesaw Lagrangian. Using chiral symmetries, it 
is possible to define these physical parameters in a standard high-energy 
basis^ 

/2 

Ye = — diag(me, m^, m,-), M = diag(Mi, M2, M3), (7) 

V 

(8) 



with all phases appearing in the Yukawa matrix Yi,. The low-energy effec- 
tive theory including the d = 5 and d = 6 operators also contains 15 real 
parameters and 6 phases. Three of the real parameters are the charged 
lepton masses, and are known. The d = 5 and d = 6 operator coefficients 
each contain 6 real parameters and 3 phases. 

The d = 5 operator is the usual Weinberg operator.® Upon electroweak 
symmetry breaking (EWSB), it generates a Majorana mass term for the 
weakly-interacting light neutrinos with mass matrix 

ruafs = -^v^cif (9) 
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in the flavor basis. Diagonalization of this matrix yields the light neutrino 
masses mi, m2, ma and the lepton mixing matrix'' 

2*01 /2 0\ 
UpMNS = UcKM \ e^^=/2 j , (10) 

C12C13 S12C13 sise""'' 

UcKM = I -S12C23 - C12S23S13 e*'' C12C23 - S12S23S13 e'* S23C13 
S12S23 - C12C23S13 e'* -C12S23 - S12C23S13 e'* C23C13 

(11) 

Notice that, in contrast to the quark CKM mixing matrix, the lepton PMNS 
mixing matrix, contains 3 CP- violating phases, since phase redeflnitions 
on the Majorana neutrinos are not allowed.'* Some of these parameters 
(6'i2, ^23, and the square mass differences Arn^i = m| — m^ and Am^j = 
ml — 1712) already have been observed in low-energy neutrino oscillations. 
The presently Tindctcrmincd parameters, namely .si.j, 5 and the absolute 
scale of light neutrino mass m, are the focus of upcoming experiments, and 
undoubtably will be observed or severely constrained in the coming decade. 

The d = 6 Lagrangian usually is not considered in the low-energy effec- 
tive seesaw theory because it is suppressed by an additional power of the 
seesaw scale. This suppression factor is significant since the seesaw scale is 
large compared to the weak scale. Upon EWSB, the d = 6 operator gener- 
ates a flavor-nondiagonal d = 4 contribution to the kinetic energy term of 
the light weakly-interacting neutrinos given by the Hermitian matrix 

1 

2'' 

in the flavor basis. Normalization of the effective neutrino kinetic energy 
term and diagonalization of the kinetic energy and Majorana mass terms 
implies an effective lepton mixing matrix^ 

u,s= (i-n^n^^u, (13) 

which is no longer unitary due to effects of the d = 6 operator, {il represents 
a rephasing of the charged lepton fields which is defined in Ref. 2. Under- 
standing this subtlety is not important for the discussion here.) Including 
the d = 6 operator, the charged current is given by 

J- = CLal^t {Ues)ai ^ (14) 



= ^V^if (12) 



''I am working in tlie convention that the Majorana neutrino fields satisfy ff = i/j.^ 
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with lepton mixing matrix Uqs, whereas the neutral current is given by 

Jn = \i^ilu^ (c^cir) {U^s)aj ^0 ' (15) 

which no longer equals ^i^ijfj.Ui, since UeS is not unitary. 

It turns out that loptogencsis already provides a very interesting and 
non-trivial constraint on the low-energy parameters map and Xap- For 
example, one can show that leptogenesis vanishes if the A matrix eigenvalues 
are degenerate.^ The leptogenesis constraint also requires nondegenerate Mj 
and nondegenerate mi when the heavy neutrinos are strongly hierarchical. 

The effects of the d = 6 operator at low energy are presumably very 
tiny. In the seesaw theory, the natural size of A is of order (w^/2M^). For 
the smallest seesaw scale which seems to be compatible with leptogenesis,^ 
M ~ 10^ GeV, A ^ 0(10"^^), but it can be orders of magnitude smaller 
for larger M. (For example, M ~ 10^'* GeV implies A ~ 10~^^.) Probing 
A 10~^ is achievable in next generation experiments.^ Hence, the ex- 
perimental situation is challenging in the extreme. Nevertheless, bounding 
and eventually measuring the c? = 6 operator seems to be the only way to 
directly test the leading theory of leptogenesis. 

The d = 6 operator gives rise to some very interesting physical effects. 
These include CP-violating asymmetries in neutrino-neutrino oscillations 
as well as other effects which depend on the phases of the lepton sector.^' 
Even though experiments in the coming decade will yield in all probability 
null results, they are nonetheless important to pursue and putting exper- 
imental bounds on the d = 6 coefficients are of value. For example, by 
bounding the d = 6 coefficients, we can rule out (or in!) more general 
theories with a scale of new physics of order the TeV scale, or electroweak 
scale. Experiments which do this need to be part of the future experimental 
program in high-energy particle physics. 

I think it is appropriate to recall the famous remark of Pauli when he 
first proposed the existence of the neutrino in order to preserve energy 
and momentum conservation in /3 decay. He said, "I have done a terrible 
thing. I have postulated a particle that cannot be detected." While it is 
true that the neutrino could not be detected when it first was introduced 
by Pauli, direct experimental evidence for neutrinos was obtained 26 years 
later. (Interestingly, Pauli was still alive!) This experimental information 
was crucial for the development of the SM of particle physics. I think we 
are facing an analogous situation with the seesaw theory. Experiment is 
very far from the sensitivity required to test leptogenesis. Nevertheless, 
I believe that someday the experiments will be possible, and that coming 
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generations (if not this generation) will unravel the mystery. 
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